Introduction
Chemically inducible systems that activate or inactivate gene expression represent powerful tools to study gene function as well as biochemical, physiological and developmental processes in plants. Several chemically inducible promoter systems have been developed (for review, see Gatz and Lenk 1998 , Zuo and Chua 2000 , Padidam 2003 . They are mostly based on mechanisms of non-plant gene regulation responding to external signals that do not usually appear in higher plants. The most prominent examples are the tetracycline-triggered promoter systems based on the bacterial tetracycline repressor TetR, and the glucocortinoid-receptor-based steroid-inducible system. The tetracycline-inducible system represents a derepression system in which the repressor protein TetR blocks the target promoter by binding to tet operator sites, introduced into the respective promoter (Gatz and Quail 1988, Gatz et al. 1992) . The antibiotic tetracycline abolishes the binding of TetR to DNA, thereby relieving the repression. In the tetracyclineinactivation system the repressor TetR is fused to an acidic activation sequence of herpes simplex virus protein 16 (VP16) Bujard 1992, Weinmann et al. 1994) . In this case, the repressor is converted into an activator (tTA), which loses its DNA-binding ability upon tetracycline binding to the TetR moiety. The steroid-inducible system makes use of the ligandbinding domain of a mammalian-derived glucocorticoid receptor. Glucocorticoid-dependent transcription is based on the inhibitory interaction between the heat shock protein HSP90 and the steroid-binding domain of the receptor, thus inactivating the receptor. In the presence of a steroid, the ligand associates with the receptor leading to the release of HSP90 and activating the receptor. The glucocorticoid receptor-binding domain has been fused to different plant transcription factors Chua 1997, Simon et al. 1996) . For a transcriptional control system that can be combined with any gene, the receptor is fused to a protein complex consisting of the GAL4 DNA-binding domain of yeast and the VP16 activation domain, forming all together the GVG activator (Aoyama and Chua 1997) . Both receptors can be combined to develop a gene expression system inducible by the steroid dexamethasone and repressible by tetracycline (Boehner et al. 1999) . Inducible systems that could be activated by non-steroidal agonists have also been developed, based on the insect ecdysone receptor (EcR) and the use of registered agrochemicals as inducing agents (Martinez et al. 1999 . Furthermore, some endogenous plant promoters responding to specific chemicals have been isolated, like the PR-1a promoter, which responds to benzothiadiazole (BTH) (Goerlach et al. 1996) .
For the widespread application of chemically inducible systems in plants, specific characteristics of the inducers are required. Such features are in particular a high specificity for the transgene and the compatibility of the plant and the environment. Furthermore, the inducers should allow convenient application with high efficiency at low concentrations, resulting in low use rates and low costs.
Most endogenous plant promoters are not highly specific for the transgene, leading to an additional induction of genes which are also controlled by the regulatory sequence. Therefore, the use of well-characterized regulatory elements from evolutionarily distant organisms, like yeast or mammalians, is favored. But, not all of the available non-plant gene regulation systems really accomplish these requirements. For example, activation of the glucocorticoid-inducible transcription system by dexamethasone can cause severe growth defects and the induction of defense-related genes in Arabidopsis (Kang et al. 1999) . These effects were suggested to result from the system itself, either by the nuclear localization of GVG after glucocorticoid binding or due to the potent VP16 transactivator domain. The tetracycline-inducible system requires high concentrations of the repressor TetR due to the fact that the repressor competes with endogenous transcription factors for access to the target promoter binding site. Even though the system could be successfully established for tobacco and potato, it does not work in Arabidopsis, which possibly does not tolerate the amounts of TetR needed for efficient repression. In some cases high levels of the repressor were also shown to have adverse effects on tomato plants (Corlett et al. 1996) .
A promising alternative to the systems mentioned above has been recently established ). The alcoholinducible alc gene expression system is based on the regulatory elements of the strongly inducible Aspergillus nidulans alcA promoter. The transcriptional activation of the alcA gene by ethanol or other alcohols and small ketones like 2-butanone (Flipphi et al. 2002) is mediated by the AlcR transactivator, a DNA-binding protein belonging to the C6 zinc binuclear cluster family (Panozzo et al. 1997 ; for detailed review of the fungal system, see Felenbok et al. 2001) . In plants, the regulator alcR is expressed under the control of the cauliflower mosaic virus (CaMV) 35S promoter, so that in the presence of a chemical inducer AlcR will activate the expression of any gene fused to a modified alcA promoter . The alcohol-inducible gene expression system could already be established for different plants like Arabidopsis thaliana, Nicotiana tabacum, Solanum tuberosum and Brassica napus using ethanol as inducer (Roslan et al. 2001 , Sweetman et al. 2002 . Furthermore, recent studies indicate that the alc system can also be used for the temporal and spatial control of gene silencing by the inducible expression of double-stranded RNA (Chen et al. 2003) . Since acetaldehyde was proposed to be the physiological inducer of the alc gene system (Flipphi et al. 2002) , first investigations have been carried out testing this substance in transgenic systems. Data indicated a more rapid response of potato (S. tuberosum) plants carrying the alc system to treatment with acetaldehyde compared with ethanol (Junker et al. 2003) . Moreover, a low effect of acetaldehyde on the plant metabolism could be shown. To achieve tissue-specific induction of reporter gene expression, the alc promoter system was combined with tissue-specific promoters to control the expression of alcR. In potato, the B33 patatin promoter was used to induce the alc system and underlying genes tuber specifically (Junker et al. 2003) . A restricted activation of the alc system in Arabidopsis using different promoter combinations was shown by Deveaux et al. (2003) . The authors were able to express the alcohol-regulated transcription factor AlcR limited to subdomains of the shoot apical and floral meristems. This aspect of temporal as well as spatial control of gene regulation provides a powerful tool for studying gene function during plant development as well as physiological and metabolical processes in defined plant tissues.
To enhance the potential of tissue-specific activation of genes of interest by the alc system without the necessity of tissue-specific promoters, we investigated the effect of acetaldehyde on the alc system in specific plant tissues of transgenic tobacco (N. tabacum) plants. Using alc::uidA plants, we characterized the responsiveness of roots and single leaves to acetaldehyde by testing different concentrations as well as plant tissue of different ages. Furthermore, we optimized the acetaldehyde application to obtain long-lasting activation of the alc system in roots. Using tobacco plants expressing an apoplast-located yeast-derived invertase under the control of the alcohol-inducible promoter, we demonstrated the functional induction of the enzyme upon drenching with acetaldehyde, leading to a root-restricted alteration of the ratio between hexoses and sucrose.
Results

Root-specific induction by soil drenching
To examine the potential applicability of ethanol and acetaldehyde to a root-specific activation of the alc promoter system, tobacco plants carrying the alc::uidA construct were soil-drenched with different concentrations of each of the inducers. Ethanol concentrations in the range 0.05-0.5% (v/v) applied to the root system resulted in a relatively slight increase in β-glucuronidase (GUS) activity in roots (Fig. 1a) . Despite the bagging of pots immediately after treatment, concentrations of >0.2% (v/v) showed strong induction of the alc system in young leaves, whereas GUS activity in roots showed a slight increase only. In contrast, application of acetaldehyde at very low concentrations resulted in marked root-specific induction of the alc promoter system (Fig. 1b) . In particular, acetaldehyde concentrations of 0.01-0.1% (v/v) led to a nearly proportional increase in GUS activity in roots, whereas concentrations up to 0.05% (v/v) had no detectable effect on GUS activity in leaves. Higher concentrations showed only a slight induction in leaf tissue. Drenching with acetaldehyde at concentrations up to 0.1% (v/v) seemed to have no negative effect on plant vigor as shown by the total protein content and activity of glyceralde-hyde phosphate dehydrogenase (GAPDH) as internal control enzyme (Fig. 1c) . The protein content of the roots remained constant upon treatment with acetaldehyde and the GAPDH activity did not decrease until acetaldehyde concentrations exceeded 0.1% (v/v) . Acetaldehyde at a concentration of 0.2% (v/v) might damage the root as indicated by a decrease in GAPDH and GUS activity.
According to the presented results, further experiments on the root-specific induction of the alc gene expression system were carried out using 0.05% (v/v) acetaldehyde. Soil drenching of plants in unbagged pots did not cause changes in the activation levels in roots and leaves compared with plants in bagged pots (data not shown). Therefore, bagging of the pots was omitted in the following experiments. Flooding of the plants with water for 5 and 12 d, which possibly results in anaerobic conditions, did not affect the alc system in roots or leaves of transgenic tobacco plants (data not shown).
All acetaldehyde concentrations tested showed a transient effect indicated by a decrease in GUS activity 8 d after application down to 10% or 20% of the activity shown 2 d after treatment (data not shown). To achieve long-lasting effects we tested repetitions of acetaldehyde application at different intervals. Alc::uidA tobacco plants were drenched with 0.05% (v/v) acetaldehyde once, twice (data not shown) or three times at intervals of 24 h and 48 h, respectively. Controls treated with water showed no activation of the alc promoter (data not shown). Activation in leaves was not detectable in all experiments performed using acetaldehyde. Fig. 2 shows the induction of GUS activity in roots. A single drenching with acetaldehyde resulted in an increase in GUS activity lasting about 1 week (Fig. 2a) . The GAPDH activity of roots remained at a nearly constant level. Repeated acetaldehyde application at intervals of 24 h did not significantly increase GUS activity (Fig. 2b ). In addition, decreasing GAPDH activity indicated a negative effect on plant vigor of successive treatments at short intervals. Triple drenching at intervals of 48 h resulted in a nearly linear increase in GUS activity (Fig. 2c) . After a slight decrease, GAPDH activity increased to the previous level indicating the plant's ability for rapid recovery. However, a longlasting effect on the induction of GUS activity could not be obtained. GUS activity decreased again rapidly 9 d after the first treatment. Thus, to activate the alc system over a long period subsequent applications of acetaldehyde at greater time intervals seemed to be more appropriate as shown for the longlasting induction of a yeast-derived invertase by weekly acetaldehyde treatment (see below).
To analyze a possible effect of plant development on the activation of the alcohol-inducible promoter system in roots, alc::uidA tobacco plants of various ages were soil-drenched with acetaldehyde ( Fig. 2d ). By this, it could be shown that the response to acetaldehyde was age dependent. In particular, in roots of 6-to 8-week-old plants soil drenching with 0.05% (v/ v) acetaldehyde caused 2-to 5-fold higher GUS activity than in roots of 10-to 14-week-old plants, indicating higher responsiveness of young plants.
To visualize the root-specific induction of the alc promoter by drenching with acetaldehyde, histological GUS determination was carried out. In accordance with the presented results based on the fluorimetric determination of GUS activity, plants treated once with 0.05% (v/v) acetaldehyde exhibited root-located GUS staining (Fig. 3a) . Roots showed a Fig. 1 Activation of the alc system by different concentrations of ethanol and acetaldehyde, respectively. GUS activity in roots (squares), young leaves (triangles) and older leaves (circles) of 8-week-old alc:: uidA tobacco plants 2 d after soil drenching once with 100 ml diluted ethanol (a) or acetaldehyde (b). To prevent formation of vapor, pots were bagged immediately after treatment. After soil drenching, ethanol-and acetaldehyde-treated plants were cultivated in separate greenhouse chambers under similar growth conditions. (c) GAPDH activity and protein content of roots treated with different acetaldehyde concentrations (n = 3).
stronger staining 2 d after application of acetaldehyde compared with 6 d after treatment. Moreover, root tips were stained only at 2 d but not at 6 d after treatment. This suggested transient induction of the alc system by acetaldehyde, because new-grown tissue was not affected by previous acetaldehyde application.
To test the possible translocation of the inducer, root systems of alc::uidA tobacco plants were split onto two pots. One part of the root system was triple treated with 0.05% acetaldehyde at intervals of 48 h, whereas the other part was treated with water ( Fig. 3b) . Both histological and fluorimetrical determination of GUS activity demonstrated induction restricted to the acetaldehyde-treated part of the root system. In both parts GAPDH activity was almost unaffected. Therefore, drenching with acetaldehyde at a concentration of 0.05% (v/v) activated the alc system only in roots treated directly with acetaldehyde. This allows root-specific induction of genes of interest under the control of the alc promoter in transgenic plants as shown below for alc::cwINV tobacco plants.
Leaf-specific induction by infiltration
To test whether acetaldehyde can also be used for local gene activation in above-ground plant tissues, leaves of alc::uid tobacco plants were treated with different concentrations of acetaldehyde by infiltration into the intercostal regions (Fig.  4a) . Histochemical GUS determinations revealed lower responsiveness of leaves to acetaldehyde as compared with roots. In particular, treatment of medium-aged leaves with acetaldehyde concentrations up to 1% (v/v) resulted in no GUS staining, whereas infiltration with concentrations of 2% (v/v) and 5% (v/ v) led to an induction of the GUS activity in and directly around the treated leaf area. The same effect could be obtained for acetaldehyde application by dipping and brushing (data not shown). Fluorimetric GUS determination indicated that the induction of the alc system by infiltration of 5% (v/v) acetaldehyde is highly specific for the treated leaf (Fig. 4b) . The directly treated leaf area showed the highest induction of GUS activity. Less activity could be detected in the surrounding tissue as shown before by histological GUS staining. Other plant tissues, like the upper and lower leaves, stem and leaf stalks as well as roots, exhibited negligible GUS activity (Fig. 4b) . Furthermore, the local effect of acetaldehyde in leaves was corroborated by the histological GUS analysis of leaves showing no staining of leaf veins (Fig. 4a, insets) .
To analyze the response of leaves at different developmental stages to acetaldehyde, histochemical and fluorimetric GUS Fig. 2 Time courses of the induction of GUS activity by repeated soil drenching with acetaldehyde. (a) GUS activity in roots (squares), young leaves (triangles) and older leaves (circles) of 8-week-old alc:: uidA tobacco plants after a single treatment with 100 ml 0.05% (v/v) acetaldehyde. Soil drenching with acetaldehyde was repeated at intervals of 24 h (b) and 48 h (c). Arrows indicate time points of application. As internal control for plant vitality the GAPDH activity of roots was determined (cross). (n = 3). (d) Influence of plant age on the induction of the alc gene expression system by soil drenching with acetaldehyde. alc::uidA tobacco plants of different ages were drenched twice, each time with 100 ml 0.05% (v/v) acetaldehyde with an interval of 48 h. GUS activity was determined 4 d after the first treatment (n = 6).
determinations were carried out using leaves from transgenic tobacco plants of differing ages injected with 5% acetaldehyde (Fig. 4c, d ). According to the results from soil drenching of different-aged plants, treated leaf areas of the youngest leaves showed the highest responsiveness for acetaldehyde. With increasing leaf age, protein content (data not shown) and GAPDH activity (Fig. 4d ) decreased, indicating a generally decreasing activity of older leaves. Nevertheless, infiltration of 5% (v/v) acetaldehyde into the leaf did not affect the GAPDH activity in leaves or other plant tissue (Fig. 4b, d ). In conclusion, acetaldehyde can be used as a local inducer of the alc gene expression system in leaves of transgenic tobacco plants, albeit at high concentrations.
Root-specific induction of a yeast-derived apoplastic invertase under the control of the alc promoter
As described above, the alc system and its physiological inducer acetaldehyde provide a time-controlled and locally restricted induction of genes of interest in transgenic plants. To demonstrate metabolic changes as a result of this induction, we used transgenic tobacco plants harboring the alc::cwINV construct. These plants carry a chimeric yeast-derived invertase gene under the control of the alcohol-inducible promoter. Fused to the potato proteinase inhibitor II signal peptide, the invertase is targeted to the apoplast. Homozygous plants of the T3 generation of three independent transgenic lines were tested and did not exhibit differences in induced invertase activities upon soil drenching with acetaldehyde (data not shown). :uidA tobacco plant. The alc system was induced by triple soil drenching with 100 ml each of 0.05% (v/v) acetaldehyde at time intervals of 48 h. Seven days after the initial application a small amount of root material was taken from each root part for fluorimetric GUS determination (small columns). The remaining material was immediately fixed and used for GUS staining. As internal control for the vitality of the root parts GAPDH activity was measured (wide columns). H 2 O, water-treated root part; Aa, acetaldehye-treated root part of one and the same plant. Bar represents 1 cm. Invertase in situ staining visualized the invertase activity induced by soil drenching with acetaldehyde (Fig. 5) . Watertreated transgenic plants showed only faint staining of the root system, whereas plants drenched once with 0.05% acetaldehyde exhibited strong staining of the entire root system (Fig.  5a, c) . The negative control, performed by omitting sucrose in the staining solution, showed no background staining due to remaining glucose in root tissue (Fig. 5b) . Staining of crosssections of roots indicated a high invertase activity in all root cells after induction of the alc system by acetaldehyde (Fig. 5f,  g ). Thus, the induction was not limited to specific cell types. All controls performed with sections showed no staining (Fig.  5d, e) .
To achieve long-lasting induction of the alc system, drenching with 100 ml 0.05% (v/v) acetaldehyde three times once per week has been carried out (Fig. 6 ). By these treatments, the invertase activity could be induced in roots over at least 4 weeks (Fig. 6a) . Neither young nor old leaves showed increased invertase activity induced by acetaldehyde (Fig. 6b) .
Variations in the supply of light and nutrients, causing severe phenotypic effects, had no significant effect on the invertase activity (data not shown). Increasing invertase activity resulted in an accumulation of glucose and fructose and decreasing amounts of sucrose in roots. The time course of the ratio between the amounts of these two hexoses and sucrose correlated with the detected invertase activity (Fig. 6c) . Thus, the yeast-derived extracellular invertase was shown to be functionally induced upon acetaldehyde treatment in alc::cwINV tobacco plants.
Discussion
In this study, we established a system for the tissue-specific activation of the alc gene switch, particularly in view of a modulation of root metabolism independently of the metabolism in above-ground tissues. We could demonstrate that ethanol is not suitable for the exclusive activation of the alc system in roots of transgenic tobacco plants (Fig. 1) . This is in agreement with the fact that soil drenching with ethanol led to an induction of the alcohol-inducible promoter in leaves already at . Incubation with staining solution containing 1% sucrose was carried out using water-treated (a, d) and acetaldehyde-treated (c, f, g) roots. As negative control, one part of the acetaldehyde-treated root system and cross-sections of these roots were incubated with staining solution without sucrose (b, e). Bars represent 25 µm. low concentrations ). When applied by root drenching, the effect of ethanol on the alc promoter system in leaves was much stronger than after the direct treatment of leaves by spraying. Moreover, it could be shown that ethanol vapor is an efficient inducer of the alc system in Arabidopsis (Roslan et al. 2001 ) as well as in tobacco, potato and oilseed rape (Sweetman et al. 2002) . Ethanol vapor led to higher activation levels in leaves than root drenching with ethanol. Therefore, we tried to circumvent the rise of ethanol vapor by bagging the pots. This, however, could not prevent activation of the alc promoter in leaves. Another inducer of the alc promoter is acetaldehyde, which has recently been shown to be the sole physiological inducer of alc gene expression in A. nidulans (Flipphi et al. 2002) . In transgenic potato plants, acetaldehyde activated the alc system more rapidly and caused less metabolite changes than ethanol (Junker et al. 2003 ). Hence, we tested acetaldehyde for induction of the alc system in tobacco to modulate plant metabolism by the expression of underlying genes. We demonstrated that soil drenching with acetaldehyde leads to root-specific activation of the alc gene expression system in tobacco. The time course of GUS activity and GUS staining of root tips indicated a short-term effect of acetaldehyde on the alc system (Fig. 2, 3) . Moreover, we showed that acetaldehyde allows restricted induction of the alc system in roots and root parts by soil drenching. Additionally, leaves in direct contact with acetaldehyde applied either by infiltration, brushing or dipping showed an induction of the alc system restricted to the treated leaf area. Rising acetaldehyde vapor did not seem to have any effect on alc gene expression. Histological and fluorimetrical GUS determinations indicated that acetaldehyde is not subsequently translocated in the plant tissue and has no systemic effect in tobacco plants (Fig. 3, 4) . For example, tobacco plants grown in the split root system exhibited GUS activity only in the acetaldehyde-treated root part but not in the water-treated part. Infiltration of the intercostal regions of leaves with acetaldehyde did not result in the induction of GUS activity in other plant tissue, particularly leaf veins, stems and leaf stalks. This argues against the systemic transport of the inducer. In some cases, GUS activity could also be detected directly around the injected leaf area marked immediately after treatment. This effect seems to be due to restricted spreading of acetaldehyde by diffusion in the intercostal regions without subsequent uptake into the veins. Nevertheless, infiltration of acetaldehyde had no influence on the alc system in other plant tissues except of the treated leaf. This temporary and local effect of acetaldehyde permits activation of genes of interest by the alcohol-inducible promoter at defined developmental stages in root parts as well as single leaves and allows a direct comparison of induced and noninduced parts of the same plant. Another strategy for controlled tissue-restricted gene regulation has been recently shown (Deveaux et al. 2003 , Junker et al. 2003 , Maizel and Weigel 2004 . In these studies tissue-specific promoters were combined with the alc promoter system, allowing time controlled and highly tissue-specific activation of the alc system and underlying genes. For tuber-specific induction in potato the B33 patatin promoter was used (Junker et al. 2003) . Combination of the alc system with the promoter of the meristem identity gene LEAFY allowed flower-specific induction (Maizel and Weigel 2004) . Deveaux et al. (2003) combined the alc system with regulatory sequences driving the alcR transcription factor in meristematic subdomains of Arabidopsis plants. Thus, promoter combinations were revealed as an elegant method, exhib- iting high specificity for restricted gene regulation even for tissue subdomains. However, this strategy requires specific constructs containing the respective tissue-specific promoters. Irrespective of the work, those promoters are not yet available for every plant and every special tissue. Moreover, it could be shown by Junker et al. (2003) that using the alc system and the B33 patatin promoter the reporter gene expression was not uniform but limited to the outer part of potato tubers. To date it is not clear whether this effect is based on the activity of the patatin promoter or on the accessibility of cells to the inducing agent. Hence, constitutive expression of alcR under the CaMV 35S promoter and the subsequent specific activation of the alc system and underlying genes by acetaldehyde offers a convenient alternative for temporally and locally controlled gene regulation.
Furthermore, we characterized the responsiveness of different plant tissues for an application with acetaldehyde for dependence on the developmental stage. Roots showed a nearly 100-fold higher response to acetaldehyde in comparison with leaves. This might be due to more efficient uptake of aqueous acetaldehyde solutions by roots than by leaves. Such an effect has already been shown for the use of aqueous ethanol solutions as inducing agent . Here, soil drenching with 1% (v/v) ethanol revealed a higher effect on the alc system in leaves than direct leaf treatment by spraying with 10% (v/v) ethanol. Additionally, rising ethanol vapor, probably easily taken up by aerial parts of the plant, was shown to be a highly efficient inducer (Roslan et al. 2001 , Sweetman et al. 2002 . Compared with ethanol, the wide differences in the responsiveness of roots and leaves to acetaldehyde could be due to the lack of effect of acetaldehyde vapor. Nevertheless, in both tissues, the effect of acetaldehyde treatment decreased significantly with increasing plant or leaf age. Additionally, histochemical GUS determinations indicated the strongest GUS activity upon soil drenching in young roots and particularly in root tips. Thus, the decreasing effect of repeated soil drenching with acetaldehyde at intervals of 7 d, which has been shown for the induction of a yeast-derived invertase in transgenic tobacco plants (Fig. 6 ), could be due to the altered responsiveness of the plants. Adaptation of the plant to acetaldehyde, however, cannot be excluded, but it seems to be more likely that the decreasing effect of soil drenching is caused by the decreasing responsiveness of plants over the weeks. The altered susceptibility of tissues of different developmental stages could be due to the generally lower activity of older plant tissue. This could affect directly the responsiveness to the inducing agent or might also affect the activity of the CaMV 35S promoter expressing the alcR regulator. Previous studies have already indicated that the CaMV promoter does not necessarily show the same expression level in all tobacco tissues (Mitsuhara et al. 1996, Harper and Stewart 2000) . In these studies the CaMV promoter has been shown to be more active in young leaves than in older ones. It has been suggested that the CaMV 35S promoter exhibits higher activity in the S phase of the cell cycle (Nagata et al. 1987) . Furthermore, the CaMV promoter has been shown to be highly active in roots, especially in root tips (Benfey et al. 1989 ). This could also explain the higher responsiveness of roots in comparison with leaves.
Nevertheless, soil drenching with acetaldehyde three times once a week allows long-lasting induction of the alc system over at least 1 month. In contrast, successive treatments at short intervals as well as higher concentrations of acetaldehyde might affect plant vigor leading to lower activation levels (Fig.  1, 2) . This was for example demonstrated by tobacco roots treated with acetaldehyde concentrations of >0.1% exhibiting low GUS activity. This decreasing effect of higher acetaldehyde concentrations has also been described for transgenic potato tubers, but with 10-fold higher concentrations (Junker et al. 2003) , again suggesting a plant-and tissue-specific optimal concentration of the inducer. Moreover, as shown by Junker et al. (2003) acetaldehyde had low effects on the plant metabolism in an optimal range, which is specific for the respective plant system. Therefore, optimization of acetaldehyde application in view of the specific requirements has to be carried out as in any other chemically inducible system.
The presented data clearly demonstrate the opportunity for an easy to handle and temporally regulated, tissue-specific activation of the alc promoter system in plants using acetaldehyde. To demonstrate the physiological significance of the system, we used alc::cwINV tobacco plants expressing a yeast-derived invertase under the control of the alcohol-inducible promoter. Constitutive induction of yeast-derived invertase in transgenic tobacco plants resulted in dramatic changes in plant development and phenotype (von Schaewen et al. 1990 , Sonnewald et al. 1991 . Upon constitutive invertase expression plants showed stunted growth, bleached and necrotic lesions of leaves, a reduced rate of photosynthesis and suppressed root formation. Furthermore, transgenic plants expressing the yeast-derived, apoplast-located invertase constitutively exhibited a higher defense status due to increasing levels of phenylpropanoids (Baumert et al. 2001) as well as enhanced expression of PR protein genes, increasing callose content, stimulated peroxidase activity and elevated salicylic acid levels (Herbers et al. 1996) . Using transgenic plants expressing the invertase under the control of the alcohol-inducible promoter system, we could induce the apoplast-located invertase by drenching with acetaldehyde root-specifically without a direct effect on the metabolism in leaves. Thus, the amounts of glucose, fructose and sucrose in leaves remained constant whereas acetaldehydetreated roots showed an increasing amount of hexoses and a decreasing sucrose content compared with untreated roots. We could thus establish a powerful tool for studying metabolic processes like carbohydrate metabolism by modulation of root metabolism independently of the metabolism in above-ground tissue. This system provides the possibility to analyze the influence of modulated carbohydrate metabolism on interactions between plants and root-specific microorganisms, including pathogens and symbionts.
Under optimized conditions, activation of the alc gene expression system by acetaldehyde represents a highly compatible chemically regulated system and complements the possible field of application given by ethanol, a well-characterized inducer of the alc system. Summarizing the presented and previous results (see Introduction), both acetaldehyde and ethanol provide easy to handle, non-toxic and cheap activation of genes under the control of the alcohol-inducible promoter showing a high specificity for the transgene. Both inducers exhibit high efficiency at low concentrations and complement one another to a wide range of usage including tissue-restricted induction as well as widespread induction by either soil drenching, spraying, infiltration, brushing, dipping or vaporization. Concluding, the alc gene expression system represents a chemically inducible system which can be activated in a multifaceted manner by the use of different inducers. In addition, time-and spatially controlled gene regulation by acetaldehyde will allow the induction or silencing of genes, whose constitutive up-or down-regulation would have deleterious effects on plant development or plant vigor.
Material and Methods
Material, growth conditions
Wild-type tobacco plants (N. tabacum cv. Samsun NN) were obtained from Vereinigte Saatzuchten eG (Ebsdorf, Germany). Seeds of alc::uidA tobacco plants were kindly provided by Ian Jepson (Syngenta). All plants were germinated on solid MS medium (Duchefa, Haarlem, Netherlands). Transgenic plants were selected on medium containing 50 mg litre -1 kanamycin A (Duchefa). After 3 weeks plants were transferred into 12-cm pots filled with expanded clay (Original Lamstedt Ton; Fibo ExClay, Lamstedt, Germany) and grown in the greenhouse at 16 h light (22°C) and 8 h dark (20°C). Plants were watered with distilled water and fertilized weekly with 5 ml Long Ashton (20% phosphate) (Hewitt 1966) . Unless indicated otherwise, experiments were carried out with 8-week-old plants. For the extraction of proteins, soluble sugars and starch, root and leaves were harvested 3 h after beginning of the light period and rapidly frozen in liquid nitrogen. Data were obtained from three individual plants of each genotype and treatment. Each leaf sample for one developmental stage of leaves was pooled from two leaves of the same plant.
Plasmid construction and plant transformation
To obtain inducible expression of apoplastic, yeast-derived invertase, a chimeric gene comprising the proteinase inhibitor II signal peptide and the mature yeast invertase protein was PCR amplified from plasmid PI-3-INV (von Schaewen et al. 1990 ). The PCR product was subcloned into pGEM-T and subjected to sequence analysis. Thereafter, the chimeric coding region was placed under the control of the alcohol-inducible expression system by inserting the fragment into the appropriate plant transformation vector as described in Caddick et al. (1998) yielding plasmid alc::cwINV. Subsequently, plasmid alc:: cwINV was transformed into Agrobacterium tumefaciens, strain CV58C1, carrying the virulence plasmid pGV2260 (Deblaere et al. 1985) . Transformation of tobacco plants using Agrobacterium-mediated gene transfer was carried out as described previously (Rosahl et al. 1987) .
Treatment with acetaldehyde and ethanol
To compare the effect of ethanol and acetaldehyde on the rootspecific activation of the alc system, tobacco plants were soil-drenched once with 100 ml of different concentrations of the two inducers. Afterwards, the pots were immediately enclosed in a plastic bag. In subsequent soil-drenching experiments carried out with 0.05% (v/v) acetaldehyde, plant pots were placed in sealed plastic pots. To induce the alc promoter in leaves, aqueous solutions of different acetaldehyde concentrations were injected directly into the leaf. Treated areas were marked immediately after infiltration.
Protein extraction and determination of enzyme activities
Frozen plant material (80 ± 2.5 mg) was homogenized in liquid nitrogen and incubated for 10 min on ice with 600 µl extraction buffer containing 50 mM sodium phosphate (pH 7.0), 10 mM EDTA, 10 mM 2-mercaptoethanol, 0.1% (w/v) N-lauroyl-sarcosine sodium salt, and 0.1% (v/v) Triton X-100. After centrifugation (14,000×g, 10 min, 4°C) the supernatant was used for the determination of enzyme activities. All measurements were carried out in three independent replicates for each sample. Protein content was determined as described by Bradford (1976) using bovine serum albumin (Roth, Karlsruhe, Germany) as the standard.
Protein extracts of root and leaf samples were assayed for GUS activity by fluorometry (Jefferson et al. 1987 ). Measurement of GAPDH activity was carried out by incubating 5 µl protein extract with 200 µl reaction buffer containing 100 mM Tris-HCl (pH 7.0), 5 mM MgCl 2 , 1 mM sodium fluoride, 5 mM DTT, 0.5 mM NADH, 10 mM 3-phosphoglycerate, 10 U triose phosphate isomerase (Roche, Mannheim, Germany) and 20 U phosphoglycerate kinase (SigmaAldrich, Steinheim, Germany). The absorbance at 340 nm was measured as kinetics using a 96-well microtitre plate reader (Sunrise; Tecan, Crailsheim, Germany). Boiled protein extract of each sample was incubated and measured in the same manner as controls. Values were standardized using purified GAPDH (Roche). The activity of the yeast-derived invertase was determined in the neutral pH range to limit the influence of endogenous plant invertases. For this, 5 µl extract were incubated with 200 µl reaction buffer containing 100 mM imidazole (pH 6.9), 200 mM sucrose, 10 mM MgCl 2 , 2 mM NAD, 1 mM ATP, 0.5 U glucose-6-phosphatase dehydrogenase from Leuconostoc mesenteroides (Serva, Heidelberg, Germany) and 1 U hexokinase (Fluka, Buchs, Switzerland) . The increase in absorbance at 340 nm was measured in a 96-well microtitre plate reader at intervals of 10 min. Boiled protein extracts were used as controls. Assays were standardized using purified yeast invertase (Fluka).
In situ stainings
Localization of the GUS protein was carried out by staining as described by Blume and Grierson (1997) . After fixation, roots, leaves and whole plants were incubated with staining solution for 36 h at 37°C. Chlorophyll was removed by washing in 90% (v/v) ethanol.
To localize the induction of invertase activity in acetaldehydetreated alc::cwINV tobacco plants, root pieces of 3 mm were fixed in 2% (w/v) paraformaldehyde, 2% (w/v) polyvinylpyrrolidone 40 and 1 mM DTT in PBS (pH 7.0) at RT for 1 h (Sergeeva and Vreugdenhil 2002) . After washing in PBS, root pieces were immobilized in 15% (w/v) gelatine and sectioned into 200 µm thick cross-sections using a vibrating blade microtome (VT 1000 S; Leica, Nussloch, Germany). Sections were collected in 10 mm tissue culture inserts with a 8 µM polycarbonate membrane (Nunc A/S, Roskilde, Denmark) placed in 12-well macrotitre plates. To remove soluble sugars sections were washed with PBS at 4°C over night and afterwards stained for invertase activity using 1 ml staining buffer consisting of 38 mM sodium phosphate (pH 6.0), 25 U glucose oxidase (Fluka), 0.024% (w/v) nitroblue tetrazolium, 0.014% (w/v) phenazine methosulfate and 1% (w/v) sucrose (Doehlert and Felker 1987, Sergeeva and Vreugdenhil 2002) for 48 h at 30°C in the dark. In control reactions sucrose was omitted. Staining of whole root systems for 30 min at 30°C was carried out in the same way except for a more intensive washing before staining.
Determination of soluble sugars
Frozen root and leaf material (each sample: 50 mg FW) was homogenized in liquid nitrogen and incubated with 500 µl 80% (v/v) aqueous ethanol in a thermomixer for 1 h at 80°C and 1,000 rpm. After centrifugation (14,000×g, 5 min, 4°C) the supernatant was evaporated to dryness at 20°C. Resuspended residues (in 250 µl aqua dest.) were used for the determination of soluble sugars in three replicas. For this, 200 µl buffer containing 50 mM imidazol (pH 6.9), 5 mM MgCl 2 , 2 mM NAD, 1 mM ATP and 0.1 U glucose-6-phosphatase dehydrogenase from L. mesenteroides were added to 10 µl of the extract. The absorbance at 340 nm was measured after incubation for 10 min at RT in a microplate reader (Sunrise). For the determination of glucose 0.1 U hexokinase (Fluka) in 5 µl aqua dest. was added. The absorbance at 340 nm was measured when the reaction reached a plateau. The content of fructose and sucrose was quantified in the same way using 0.1 U phosphoglucose isomerase (Sigma-Aldrich) and 0.5 U invertase (Fluka), respectively, in 5 µl aqua dest. Values were calculated from the differences between the measurements using glucose and sucrose as standards.
